We provide a microscopic global optical potential (MGOP) for nucleon-nucleus (NA) systems in a wide range of nuclear mass numbers (A = 10-276) and incident energies (E = 50-400 MeV). The potential is microscopically constructed based on a single-folding (SF) model with the complex G-matrix interaction. The nuclear densities used in the SF model are generated, in a nonempirical way, from two kinds of microscopic mean-field models: the relativistic-mean-field (RMF) and Skyrme-Hartree-Fock + BCS (HF+BCS) models. We calculate the NA potentials for more than 1000 even-even nuclei with atomic number Z = 6-92, involving proton-and neutron-rich unstable nuclei. We confirm that both the MGOP models well reproduce the available experimental data of the total reaction cross sections, the total neutron cross sections, the elastic-scattering cross sections, the analyzing power, and the spin-rotation function Q. We also calculate the proton scattering cross sections of 22 O, 24 O, and 56 Ni targets to compare the experimental data and then the cross sections for unknown 48 S, 100 Zr, and 110 Zr are presented for future measurements. For the sake of convenience, the real and imaginary parts of the central and spin-orbit components of the NA potentials are respectively represented in a linear combination of 12-range Gaussians. They are provided on the website [http://www2.yukawa.kyoto-u.ac.jp/∼ takenori.furumoto/] with a program source file for reconstructing the MGOP.
I. INTRODUCTION
The optical model potential (OMP) has often been used as a basic tool to analyze elastic-scattering phenomena as well as nonelastic ones [1] . Since the traditional OMP is derived through a phenomenological way with the help of the available experimental data, it is difficult to obtain the OMP for systems involving short-lived unstable nuclei, in which the number of experimental data is not sufficient. To obtain the OMP in such regions, the global optical potential (GOP) has been proposed. Historically, the GOP has been constructed phenomenologically, i.e., the parameters involved in the GOP are systematically determined so as to reproduce a number of the existing data. The OMP has been obtained even if there is no experimental data. The readers are referred to Refs. [2] [3] [4] [5] [6] [7] [8] [9] [10] for nucleon-nucleus (NA) systems, Refs. [11] [12] [13] [14] [15] for deuteron-nucleus systems, Refs. [16, 17] for 3 He-nucleus systems, Refs. [18] [19] [20] for α-nucleus systems, and Ref. [21] for 6, 7 Li -nucleus systems. The GOP has been successful in * furumoto-takenori-py@ynu.ac.jp describing a number of systems involving stable nuclei. The applicability of the GOP to the unstable nuclei has not yet been investigated well because the GOP has been applied to the unknown regions simply by the extrapolation of these parameters determined only with the stable nuclei. A reliable GOP applicable to exotic nuclei is desired as advancing of radioactive-ion beam facilities. The GOP models for unstable nuclei were constructed for the systems involving 6 He [22] and 8 Li [23] . However, their energy ranges were limited only up to 40 MeV/nucleon due to the lack of the experimental data.
A global and microscopic description of the elastic scattering phenomena has been extended to systems involving unstable nuclei. Though the NA elastic scattering has been intensively studied by many authors [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , the OMP parameters used in those studies have not always been given in a convenient form as a tool. Recently, the GOP for nucleusnucleus systems was constructed with the São Paulo global density [41] from a microscopic point of view [42] . Parameter sets of the OMP, i.e., the microscopic global optical potential (MGOP), for a wide range of mass numbers and incident energies can be obtained from the website [43] .
However, the reliability of this MGOP model is questionable for the systems near the dripline as discussed in Ref. [42] because the input global density is not optimized for unstable nuclei.
In this paper, we provide a new MGOP for the NA systems. The MGOP is calculated by a single-folding (SF) model with the complex G-matrix interaction [44] . Input densities needed in the SF model are obtained in a nonempirical way by microscopic mean-field models: the relativistic-mean-field (RMF) [45, 46] and Hartree-Fock + BCS (HF + BCS) [47] models, for almost the whole mass regions. Although they are limited to even-even nuclei, the total number of nuclides treated in this paper is about 1000. We calculate the total reaction cross sections, the elastic-scattering cross sections, and the analyzing power, and compare them to the available experimental data.
In the next section, we first explain our theoretical models. The SF model calculation and the derivation of the nuclear densities by the RMF and HF + BCS models are briefly described, and then the density profiles obtained with these models are compared. The MGOP is provided as a functional form of a sum of 12-range Gaussians, which is defined in Sec. III. These parameters for a number of nuclei in a wide range of mass numbers and incident energies can be obtained from the website [43] as illustrated in Fig. 1 . In Sec. IV, the two MGOP models are tested in comparison with the existing experimental data of the elastic-scattering cross sections and analyzing power of the NA scattering. A summary is given in Sec. V.
II. THEORETICAL MODELS
Throughout this paper, we use the normal kinematics in which the incident nucleon is scattered by the target nucleus though the inverse kinematics is used for unstable nuclei. The OMP for the NA system is written as
where V CE and V SO (W CE and W SO ) denote a real (imaginary) parts of the central and spin-orbit components of the OMP, respectively, and V Coul is the Coulomb potential term that only appears in the proton-nucleus (pA) system. In Sec. II A, we explain the SF model to construct the OMP for the NA systems. Theoretical inputs to the SF model are the nuclear densities for the proton and neutron. In Sec. II B, the derivation of these input densities with the RMF and HF + BCS models is explained. A comparison of the resulting density profiles is made by calculating the charge radii and the root-mean-square (rms) radii of the point-neutron, pointproton, and point-matter densities with these structure models.
A. Single-folding model
The central and spin-orbit components of the OMP in Eq. (1) are obtained as complex numbers by the SF procedure with the input nuclear densities and the complex G-matrix interaction. Therefore, both the real and imaginary parts of the OMP can be obtained in a nonempirical way. We employ the MPa G-matrix interaction [48, 49] which is derived from the realistic nucleon-nucleon interaction, ESC08 [50] . The MPa interaction takes into account the three-body force effects with the multipomeron exchange potential [50] . The three-body force induces additional repulsion to the OMP and is known to have an important role to improve the analyzing power at forward angles at incident energy from 100 to 200
MeV [36] . The MPa interaction has been widely applied not only in the nucleus-nucleus scattering [51] [52] [53] [54] , but also hypernucler systems [55, 56] and neutron matter [48, 49, 57] .
For the central component, we calculate the SF potential in the same manner as described in Refs. [31, 36] . The SF potential at a given incident energy E can be written by
where ρ p and ρ n are the proton and neutron densities of the target nucleus, respectively. The coordinate s = r − R denotes the relative vector between the incident nucleon and a nucleon in the target nucleus. The direct (x = DI) and exchange (x = EX) parts of the G-matrix interaction for the nucleonproton (N p) and nucleon-neutron (Nn) are denoted as v x N p and v x Nn , respectively. The local momentum k of the pA system which appears in the second term of Eq. (2) is defined by
where E c.m. and μ are the center-of-mass energy and the reduced mass of the pA system, respectively. A uniform charge distribution is assumed for the Coulomb potential, V Coul , with a radius of R C = 1.25A
1/3 T fm, where A T is the nucleon number of the target nucleus. For the neutron-nucleus (nA) system, k is obtained simply by omitting the Coulomb term.
The Fermi momenta for the proton and neutron k
are, in general, different in a finite nucleus. We evaluate the density dependence of the complex G-matrix interaction with the Fermi momenta taking differently for the pp and nn interactions in Eq. (2) following the prescription given in Ref. [32] 
Here the local densities ρ p and ρ n are evaluated at the position of the nucleon in the target nucleus, r. The density matrix ρ(r, r ) is approximated in the same manner as in Ref. [58] 
where k eff F,N p and k eff F,Nn are the effective Fermi momenta that appear in the density matrix expansion [58, 59] 
where we adopt C s = 1/4 [60] . The spin-orbit potential is calculated by folding the spinorbit part of the complex G-matrix interaction with the nucleon density of the target nucleus, which is also composed of the direct and exchange parts as
with
where α runs p and n for the target nucleus, and
The above equations are calculated in the same way as in Ref. [36] .
B. Nucleon density with microscopic mean-field models
As shown in the previous subsection, the proton and neutron densities (ρ p and ρ n ) are required in the SF model calculation as inputs. In the present MGOP, fully self-consistent microscopic structure models are employed to extend the GOP toward the NA systems including unknown proton-and neutron-rich unstable nuclei. To see the structure model dependence, we employ (i) RMF [45, 46] and (ii) HF + BCS [47] models. We briefly explain how the densities are generated from these structure models. 
where ϕ σ , ω, R 0 correspond to the scalar-isoscalar, vectorisoscalar, and vector-isovector meson fields, respectively. g σ , g ω , and g ρ denote the coupling between these mesons and nucleon, respectively. The effect of the Coulomb interaction is taken into account by the photon field A 0 . The effective mass of the nucleon M * N (ϕ σ ) is, in general, smaller than that of the nucleon mass in the vacuum because the coupling between the scalar meson and the nucleon is attractive. τ 3 is a projection operator of z-component of the isospin and that yields τ 3 χ s (t ) = ±χ s (t ), where χ s (t ) is the isospin wave function of nucleon and t = +1/2(p) or − 1/2(n). In this paper, the Chiral SU(3) potential derived from the analytic SCL-LQCD (SCL3) is applied to L M as V M [45, 46] , and is written as
and
where f π and f ζ = f ζ − m s are the expectation values of the scalar meson condensate. Because of the coupling between the σ and ζ mesons consisting of the ss condensate in Eq. (21), the expectation value of the ζ scalar-isoscalar meson is finite even though it does not couple to the "normal" nucleon.
Including V M shown in Eq. (21), L M is defined as follows:
In Eq. (24), we additionally introduce a self-interaction potential of the ω meson in a quadratic form of the ω field and it is controlled by the parameter c ω . The SCL3 parameter set [46] is applied to the coupling constants, masses, ξ σ ζ , and c ω in the present RMF model. The set is determined so as to reproduce the experimental B/A values for finite nuclei, the charge radii of the typical stable nuclei, and the empirical saturation property of the nuclear matter. The Dirac equations of each single-particle state ψ i are derived from the RMF Lagrangian. A single-particle energy is introduced as the Lagrange multiplier and Euler-Lagrange equations of nucleon and mesons derived from varying the RMF Lagrangian L = L N + L M defined in Eqs. (17) and (24) . For simplicity, we adopt the spherical single-particle wave function
where F i and G i are the so-called large and small components coming from the relativistic treatment, respectively. Though the calculation is limited only to spherical cases, the spin-orbit splitting of the single-particle level is naturally taken into account through the difference between the large and small
The scalar and vector densities are calculated with the radial part of the RMF single-particle wave functions
where the summation runs over the number of proton or neutron, respectively. Both ρ V and ρ S are needed to solve Euler-Lagrange equations derived from RMF Lagrangian self-consistently because the vector and scalar meson fields depend on each densities, respectively. To obtain the input densities to the SF model calculation, we perform the centerof-mass correction to the vector density ρ
with the prescription given in Ref. [61] .
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HF + BCS model
We explain how we obtain the ground-state densities with the nonrelativistic HF + BCS model. A fully self-consistent calculation is performed with the Skyrme effective interaction. Each single-particle state in a mean-field potential is solved in the three-dimensional coordinate space without any assumption of the nuclear shape.
The wave function of the HF + BCS model is obtained by solving the HF and BCS equations [62] [
where h and ρ are the single-particle Hamiltonian and density matrix, respectively. v k is the so-called occupation probability with v
where ε k (= ψ k |ĥ|ψ k ) and λ are the single-particle energy of k state and the chemical potential, respectively.k denotes the conjugate of k. The constant-monopole-type pairing with a smooth truncation is employed for the pairing potential
is the cutoff function [47, 63] . The amplitude g is determined in the same manner as in Ref. [63] . We use the three-dimensional (3D) Cartesian coordinatespace representation for the canonical states ψ k (r, σ ) = r, σ |ψ k with σ = ±1/2. The intrinsic density in the bodyfixed frame can be obtained as
The HF + BCS densities in the laboratory frame are obtained from the angle-averaged intrinsic density [64] 
for proton (α = p) and neutron (α = n). Also the center-ofmass correction for the HF + BCS densities is made as was done for the RMF densities in the present paper. Here we employ the SkM* parameter set [65] as the effective two-body interaction which is known to describe well the properties of deformed nuclei. One can see the validity of those obtained densities in systematic analyses of the total reaction cross sections [64, 66] in which the nuclear deformation plays a decisive role to reproduce the cross section data. The analyses were further extended to various mass regions with useful applications [67] [68] [69] .
Comparison between RMF and HF + BCS models
We perform the RMF calculations for the even-even nuclei in the range of A = 10-242, and exclude some states having a positive single-particle energy, which are unphysical. The HF + BCS densities are calculated in the range of the neutron number from Z to 2Z excluding unphysical results which give the separation energy (chemical potential) smaller than 2 MeV. As a result, the densities obtained with the RMF and HF + BCS models are given in the different mass ranges as displayed in Fig. 1 .
First, we compare the charge radii obtained by the RMF and HF + BCS models. The charge densities are calculated by folding the point-proton densities obtained from the RMF and HF + BCS models with the proton-charge form factor [71] . Figure 2 plots the charge radii for Ne, Ca, Zr, Sn, Yb, and Pb isotopes obtained by the RMF (solid line) and HF + BCS (dotted line) models. The experimental data are also plotted for comparison. We see the HF + BCS model better reproduces the experimental data, whereas the RMF model shows some discrepancies, especially in the neutronrich regions. The deviation of the RMF results from the experimental data becomes large at most about 5% for Ne, Zr, and Yb isotopes, where the nuclear deformation plays a decisive role to change their density profiles, whereas the spherical mean field is assumed for the RMF calculations in the present paper.
Next we compare the density distributions obtained by the RMF and HF + BCS models. We show the results of S and Zr isotopes in which the density profiles obtained from the RMF and HF + BCS models are quite different. Figures 3 and 4 plot the point-neutron, proton, and matter density distributions FIG. 3 . Point-neutron, proton, and matter density distributions of (a) 32 S, (b) 36 S, (c) 40 S, (d) 44 S, and (e) 48 S obtained with the RMF and HF + BCS models.
of the selected S and Zr isotopes. For the S isotopes, the difference of the densities obtained from the RMF and HF + BCS models is clearly seen in the surface region. In the inner region of the S isotopes, the so-called bubble structure [72, 73] appears in the RMF calculations.
For Zr isotopes, the RMF and HF + BCS models also show some difference in the surface and inner regions. The HF + BCS densities show almost constant behavior in the internal regions, while the RMF densities exhibit some oscillatory behavior. For the spherical RMF densities, we see the characteristics of the single-particle states. The deformation of the Zr isotopes strongly depend on the number of the excess neutrons. This characteristic may disappear through the angle-averaged procedure in Eq. (33) .
We note that the charge radii of the Zr isotopes obtained by the present models show the large difference as displayed in Fig. 2 , whereas the rms radii of the point-matter densities are similar to each other: The RMF (HF + BCS) model gives 4.111, 4.251, 4.560, and 4.665 fm (4.137, 4.244, 4.516, and 4.698 fm) for rms radii of the point-matter densities of the 80 Zr, 90 Zr, 100 Zr, and 110 Zr nuclei, respectively. Here we compared our results for the selected nuclei. We also list, in the website [43] , the values of the charge radii and the FIG. 4 . Point-neutron, proton, and matter density distributions of (a) 80 Zr, (b) 90 Zr, (c) 100 Zr, and (d) 110 Zr.
rms radii of the point-proton, point-neutron, and point-matter densities for all the other nuclei. We will discuss how those differences of the density profiles appear in the scattering observables later in Secs. IV D and IV D 3.
III. FUNCTIONAL FORM OF MICROSCOPIC GLOBAL OPTICAL POTENTIAL
Here we give the definition of a functional form of the present MGOP for the convenience of users. The central and spin-orbit components of the complex-valued NA SF potential are approximated in terms of a linear combination of 12-range Gaussian form as with
where Z T , A T , and E denote, the proton number of the target, the nucleon number of the target, and the incident energy of the nucleon, respectively. The values in Eq. (42) are chosen to ensure sufficient accuracy of the fitting to cover various potential form factors from light to heavy nuclear mass regions from 50 to 400 MeV incident energies. The original and 12-range Gaussian form factors for the lightest and heaviest cases at E = 50 and 400 MeV are compared in Fig. 5 . The MGOP1 and MGOP2 denote the MGOP obtained with the RMF and HF + BCS densities, respectively. We see that the original and 12-range Gaussian form factors are almost identical for light to heavy targets at low to high incident energies. The 12-range Gaussian form is sufficient to express various potential profiles generated from the SF procedure with the microscopic densities in a wide range of mass numbers and incident energies.
We calculate the SF potentials for the pA and nA systems with Z T = 6-92 and A T = 10-276 target nuclei at E = 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 300, and 400 MeV. The parameter sets at other incident energies between 50 and 400 MeV are obtained by the spline interpolation. All the parameter sets in Eqs. (38) to (41) are available on the website [43] . Since the total number of the parameters is huge about 2 million, for the convenience of users, we provide the program source "mgopN" on the website [43] , which generates these parameter sets and construct the OMP for the NA systems.
IV. RESULTS
We here apply the present MGOP models to the NA elastic scattering. The relativistic kinematics is used to compute the cross sections. Since the complex G-matrix is constructed in the infinite nuclear matter, the strength of the imaginary part needs to be adjusted when we apply it to a finite nuclear system because these level densities are quite different. Thus we introduce the incident-energy-dependent renormalization factor N W for the imaginary part of the OMP
The N w value is determined so as to reproduce the total reaction cross section data from 50 to 400 MeV:
The validity of this choice will be examined in comparison with experimental data in the following sections.
To guide a reader, we give an outline of what we present in this section.
FIG. 6. Total reaction cross sections of p +
12 C, 40 Ca, 56 Fe, 90 Zr, and 208 Pb systems as a function of incident proton energy E p . The RMF (MGOP1) and HF + BCS (MGOP2) densities are employed to construct the SF potential, respectively. The experimental data for Nat. C (natural carbon), 12 C, Nat. Ca (natural calcium), 40 Ca, Nat. Fe (natural iron), 56 Fe, Nat. Zr (natural zirconium), 90 (1) (p.14) Sec. IV A. Total reaction cross sections As mentioned, the incident-energy dependence of the N W value is determined by the total reaction cross sections. We obtain overall agreement with the measured total reaction cross sections of pA and nA systems with the choice of N W in Eq. (44 (2) (p.16) Sec. IV B. Total neutron cross sections
The present MGOP models are applied to total neutron cross sections. We show that the experimental data of 12 C, 40 Ca, 90 Zr, 184 W, 208 Pb, and 238 U are reproduced. The present MGOP models are applied to nA elastic scattering. We show that the existing experimental data are well reproduced. (4) 
A. Total reaction cross sections
Let us first examine the N W value obtained in Eq. (44) for the total reaction cross sections (σ R ) of the pA systems which are summarized in the following three figures.
(1) Figure 6 : Total reaction cross sections of p + 12 C, 40 Ca, 56 Fe, 90 Zr, and 208 Pb systems as a function of the incident proton energy E p . (2) Figure 7 : Total reaction cross sections of p + 12 C, 16 O, 24 Mg, 28 Si, 40 Ca, 48 Ti, 50 Ti, 52 Cr, 56 Fe, 58 Ni, 64 Zn, 68 Zn, 90 Zr, 98 Mo, 106 Pd, 114 Cd, 120 Sn, 142 Nd, 158 Gd, 164 Dy, 180 Hf, 184 W, 194 Pt, 208 Pb, and 238 U systems at E p = 60, 65. As one can see from these figures, both the cross sections with the MGOP1 (RMF; solid line) and MGOP2 (HF + BCS; dotted line) models fairly well reproduce the experimental data. The N W value assumed in Eq. (44) works well in describing the energy dependence of the total reaction cross sections of the pA systems in a wide range of the mass numbers.
We also check the validity of N W for the nA total reaction cross sections. Figure 9 shows the calculated total reaction cross sections of n + 12 C, 56 Fe, 114 Cd, and 208 Pb systems as a function of the incident neutron energy E n . To see the massnumber dependence, we plot, in Fig. 10 , the calculated total reaction cross sections of n + 12 C, 16 O, 28 Si, 40 Ca, 56 Fe, 58 Ni, 64 Zn, 90 Zr, 114 Cd, 120 Sn, 208 Pb, and 238 U systems at E n = 50 and 379 MeV. As displayed in Fig. 9 , the calculated cross sections well reproduce the experimental data for the natural carbon ( Nat. C) and iron ( Nat. Fe) targets for E n 150 MeV. Though we see good agreement of the theoretical calculations with the natural cadmium ( Nat. Cd) and lead ( Nat. Pb) data around 50 MeV, the calculated cross sections overestimate these data around 100 MeV. The theoretical values slightly underestimate the experimental data of Nat. C, Nat. Fe, and Nat. Pb around 400 MeV, whereas they agree well with the experimental data for natural nickel ( Nat. Ni), zirconium ( Nat. Zn), and tin ( Nat. Sn) targets at E n = 379 MeV as shown in Fig. 10 .
The MGOP1 and MGOP2 show almost identical results for the NA total reaction cross sections despite the fact that the RMF and HF + BCS give quite different charge radii and point-nucleon density distributions as shown in Figs. 2, 3 , and 4 because the total reaction cross section of the NA scattering is determined mostly by the rms radius of the matter density and is rather insensitive to the density distribution [67] . In fact, the difference of the rms radii obtained with the RMF and HF + BCS models is within 2%.
The renormalization factor assumed in Eq. (44) gives a reasonable description of the available experimental data of the total reaction cross sections of the pA and nA systems. Hereafter, we use this energy-dependent renormalization factor to evaluate the total neutron cross sections and NA elasticscattering cross sections. 
B. Total neutron cross sections
We here test the MGOP1 and MGOP2 for the nA total cross sections. Figure 11 shows the calculated total neutron cross sections of n + 12 C, 40 Ca, 90 Zr, 184 W, 208 Pb, and 238 U systems as a function of the incident neutron energy, E n . The 40 Ca, 90 Zr, and 208 Pb nuclei are well known as a spherical shape, while the 12 C, 184 W, and 238 U nuclei are well deformed. As displayed in Fig. 11 , the calculated cross sections well reproduce the experimental data for the 12 C, 40 Ca, and 90 Zr targets. The theoretical values show some deviations for the 184 W, 208 Pb, and 238 U targets. These may be improved by taking the channel coupling effect into account, especially at the low incident energies. Again, the MGOP1 and MGOP2 show almost identical results for the NA total cross sections.
C. Neutron-nucleus elastic scattering
In this section, we present the results of the nA elastic scattering. Figure 12 displays the elastic-scattering cross sections of n + 12 C, 40 Ca, and 208 Pb systems at E n = 65-225 MeV. The solid and dotted curves are the calculated results with the MGOP1 (RMF) and MGOP2 (HF + BCS), respectively. Both the MGOP models well reproduce the experimental data up to backward angles, showing only slight difference between the two models at the backward angles in the high energy regions E n 100 MeV of the n + 12 C scattering. We also calculate the elastic-scattering cross sections of n + 12 C and 208 Pb systems, and confirm that the calculated cross sections well reproduce the experimental data for natural C and Pb targets [74, 94, 95, [101] [102] [103] [104] . The interested readers are referred to the website [43] for these results.
Let us see the cross sections of medium-mass nuclei. Figure 13 shows the elastic-scattering cross sections of n + 28 Si, 56 Fe, and 90 Zr systems at E n = 55-75 MeV. The calculated cross sections with the two MGOP models perfectly reproduce the experimental data for the Nat. Si, Nat. Fe, and Nat. Zr targets up to backward angles.
We calculate the cross sections from light to mediumheavy nuclei. Figure 14 displays the elastic-scattering cross sections of n + 16 O, 40 Ca, 56 Fe, 140 Cd, and 120 16 O, Nat. O, Nat. Ca, 56 Fe, Nat. Cd, and Nat. Sn targets. Again, the experimental data are well reproduced with the two MGOP models.
At the end of this section, we calculate the cross sections of n + 238 U system which involves the heaviest target nucleus presented in this paper. Figure 15 plots the n + 238 U elasticscattering cross sections at E n = 52.5-120 MeV. Although the data are available only up to 8
• , the results with the two MGOP models are identical and successfully reproduce the experimental data for a natural U target.
Those comparisons we made confirm the validity of the MGOP models for the nA elastic scattering.
D. Proton-nucleus elastic scattering
Proton-nucleus elastic-scattering cross sections at 65 MeV
In this section, we compare the MGOP results with experimental data for the proton elastic-scattering cross sections and analyzing power focusing on the mass number dependence. We first examine the pA elastic-scattering cross sections at 65 MeV, where a number of experimental data are available. Figure 16 plots the pA elastic-scattering cross section and analyzing power at E p = 65 MeV with the following target nuclei:
(1) Z T = 6-20:
12 C, 16 O, 20 Ne, 24 Mg, 28 Si, 32 S, 40 Ar, 40 Ca, 42 Ca, 44 Ca, and 48 Ca; (2) Z T = 22-28: 46 Ti, 48 Ti, 50 Ti, 50 Cr, 52 Cr, 54 Cr 54 Fe, 56 Fe, 58 Ni, 60 Ni, 62 Ni, and 64 Ni; (3) Z T = 40-68:
90 Zr, 98 Mo, 100 Mo, 144 Sm, 148 Sm, 150 Sm, 152 Sm, 154 Sm, 160 Gd, 164 Dy, 166 Er, and 168 Er; (4) Z T = 70-92: 172 Yb, 174 Yb, 176 Yb, 178 Hf, 180 Hf, 182 W, 184 W, 192 Os, 208 Pb, 232 Th, and 238 U.
The present MGOP models successfully describe the elastic scattering processes and reproduce the experimental data up to backward angles, which confirm the validity of the present MGOP models with various targets (Z T = 6-92) for the pA elastic scattering at 65 MeV. However, at a closer look, we see some discrepancy in the analyzing power at the backward angles between the theory and experiment for some light target nuclei, 12 C, 24 Mg, and 28 Si. We find the slight differences between the results with the RMF (MGOP1) and HF + BCS (MGOP2) models for Z T = 10-16, where their density distributions are quite different as shown in Fig. 3 . More detailed discussions will be made by examining the incident energy dependence of the cross sections in the Sec. IV D 3.
Incident energy dependence of proton-nucleus elastic-scattering cross sections
Here we investigate the validity of the present MGOP models with the cross sections calculated at various incident energies. Figure 17 shows the elastic-scattering cross sections at E p = 51.93-340 MeV and analyzing power at E p = 54.4-250 MeV of p + 12 C system. The elastic-scattering cross sections are given in the Rutherford ratio. We see the present MGOP models describe these scattering processes very well. With increasing the incident energy, the difference between the cross sections with the MGOP1 (RMF; solid line) and MGOP2 (HF + BCS; dotted line) becomes more apparent. Such a high energy beam is advantageous to look into the details of the nuclear density. We find the MGOP1 shows better agreement with the p + 12 C scattering cross section data, especially at the high-incident energies. Figure 18 displays the p + 16 O elastic-scattering cross sections at E p = 61-317.4 MeV and the analyzing power at E p = 135-317.4 MeV. We also see good agreement of the theoretical calculations with the experimental data up to backward angles. Here we find that the difference of the MGOP models with the RMF and HF + BCS densities clearly appears above E p = 200 MeV at the backward angles as already observed in the 12 C case. From this global analysis of the p + 16 O scattering the RMF model appears to be better for describing the elastic-scattering cross section data, whereas the HF + BCS model shows better agreement with the analyzing power at 317.4 MeV.
For the medium mass nuclei (A T = 24-82), we plot the following.
(1) Figure 19 : Elastic-scattering cross sections at E p = 51.9-400 MeV and analyzing power at E p = 55-317. Figure 21 : Elastic-scattering cross sections of p + 46 Ti, 48 Ti, 50 Ti, 50 Cr, 54 Fe, 56 Fe, 58 Ni, 60 Ni, 62 Ni, 66 Zn, 68 Zn, 74 Se, 76 Se, 78 Se, 80 Se, and 82 Se systems at E p = 51.9-333 MeV; the analyzing power of p + 54 Fe, 56 Fe, 58 Ni, and 60 Ni systems at E p = 60.2-295 MeV; and spin-rotation function Q of p + 58 Ni system at E p = 200 and 300 MeV.
As displayed in Figs. 19 to 21, the calculated cross sections well reproduce the experimental data. We see from Fig. 19 the difference between the cross sections with the MGOP1 and MGOP2 models at the backward angles above E p = 200 MeV reflects the different density profiles as shown in Fig. 3 the two MGOP models deviate at E p 200 MeV in the backward angles. Measurements of these cross sections with such a high energy beam can distinguish the two theoretical models and will be useful to extract the information on the density profiles.
For heavier systems (A T = 88-124), we plot the following:
(1) Figure 22 Both the MGOP models well reproduce the experimental data up to backward angles. No clear difference is found in the cross sections with the two MGOP models in those mass regions.
We show the results of heaviest systems (A T = 148-208). Figure 25 displays the elastic-scattering cross sections of p + 148 Sm, 154 Sm, 192 Os, 194 Pt, 198 Pt, 204 Pb, 206 Pb, and 208 Pb systems at E p = 61.4-400 MeV; the analyzing power of p + 192 Os, 194 Pt, 198 Pt, 204 Pb, 206 Pb, and 208 Pb systems at E p = 79.8-400 MeV; and the spin-rotation function Q of p + 208 Pb system at E p = 65-300 MeV. As one can see from the figure, the calculated cross sections well reproduce the experimental data which show the validity of the present MGOP models for the heavy targets.
As demonstrated in this section, the present MGOP models successfully reproduce the numerous experimental data of the elastic-scattering cross sections, analyzing power, and spinrotation function Q in a wide range of mass number and incident energies, which show the reliability of the present MGOP models. One of the advantages of the present approach is that one can obtain the OMP for unstable nuclear systems in a consistent manner. In the next section, though the experimental data are limited, we show the comparison to the theoretical cross sections for the unstable nuclei and the theoretical predictions for selected neutron-rich unstable nuclei.
Proton-nucleus elastic-scattering cross sections for unstable nuclei
Here we also test the MGOP1 and MGOP2 for the proton elastic-scattering cross sections of unstable nuclei, 22 O, 24 O, 56 Ni where the experimental data are available. In addition, we show some results of the proton elastic-scattering cross section and the analyzing power involving the unstable nuclei far from the stability line. We select 48 48 Ti, 50 Ti, 50 Cr, 54 Fe, 56 Fe, 58 Ni, 60 Ni, 62 Ni, 66 Zn, 68 Zn, 74 Se, 76 Se, 78 Se, 80 Se, and 82 Se systems at E p = 51. Figure 27 plots the elastic-scattering cross sections and the analyzing power of the proton scattering of p + 48 S system at E p = 100-400 MeV. The more the incident energy increases, the more apparent the difference between the cross sections with the MGOP1 and MGOP2 models becomes. Figure 28 plots the elastic-scattering cross sections and the analyzing power of p + 100 Zr and 110 Zr systems at E p = 100-400 MeV. Again, we clearly see the difference of the two MGOP models in these scattering observables with increasing the incident energy. The pA elastic scattering at such high incident energies can be a good probe to explore the density profiles of unstable nuclei, especially in the surface region. See also a recent work focusing on the nuclear "diffuseness" using a high-energy NA scattering [209] . These isotopes are known to be well deformed [210] [211] [212] . It is also interesting to consider the channel coupling effect due to the nuclear deformation.
V. SUMMARY
We constructed new microscopic global optical potentials (MGOPs) for the nucleon-nucleus (NA) systems at E = 50-400 MeV using the single-folding (SF) model with the 154 Sm, 192 Os, 194 Pt, 198 Pt, 204 Pb, 206 Pb, and 208 Pb systems in the Rutherford ratio at E p = 61.4-400 MeV; (b) analyzing power of p + 192 Os, 194 Pt, 198 Pt, 204 Pb, 206 Pb, and 208 Pb systems at E p = 79.8-400 MeV; and (c) spin-rotation function Q of p + 208 Pb system at E p = 65-300 MeV. The experimental data are taken from Refs. [4,32,33,74,133,135,159,168,172,178,183,188,196-205 24 O, and 56 Ni systems at E p = 46.6-285 MeV. The experimental data are taken from Refs. [206] [207] [208] .
complex G-matrix interaction. The SF model requires proton and neutron density distributions as inputs. We employ microscopic-mean-field models to obtain nuclear densities in a nonempirical way for a wide nuclear mass region including experimentally unknown nuclei. We examine two MGOP models constructed with input densities generated from the RMF and Skyrme-Hartree-Fock + BCS (HF + BCS) models.
By introducing the incident-energy dependent renormalization factor for the imaginary part, we find that both the present MGOP models well describe the nucleon-nucleus (NA) scattering in a wide range of incident energies and nuclear mass numbers. We confirm that the validity of the present MGOPs in comparison to a number of the available experimental data of the NA elastic-scattering cross sections, analyzing power, and spin-rotation function Q. The difference of the structure models is discussed for the proton scattering of 48 S and neutron-rich Zr isotopes where the two mean-field models give quite different densities. We find that this difference in the cross sections becomes more apparent at the high incident energies 200 MeV.
We provide the present MGOPs in a sum of the 12-range Gaussian functions whose parameters can be found together with a program source to reconstruct the MGOPs on the website [43] . We believe that the present MGOP models are useful to analyze various measurements as well as theoretical works involving unstable nuclear regions.
